To determine the role of Bone morphogenetic protein (BMP) signaling in murine limb development in vivo, the keratin 14 promoter was used to drive expression of the BMP antagonist Noggin in transgenic mice. Phosphorylation and nuclear translocation of Smad1/5 were dramatically reduced in limbs of the transgenic animals, confirming the inhibition of BMP signaling. These mice developed extensive limb soft tissue syndactyly and postaxial polydactyly. Apoptosis in the developing limb necrotic zones was reduced with incomplete regression of the interdigital tissue. The postaxial extra digit is also consistent with a role for BMPs in regulating apoptosis. Furthermore, there was persistent expression of Fgf8, suggesting a delay in the regression of the AER. However, Msx1 and Msx2 expression was unchanged in these transgenic mice, implying that induction of these genes is not essential for mediating BMP-induced interdigital apoptosis in mice. These abnormalities were rescued by coexpressing BMP4 under the same promoter in double transgenic mice, suggesting that the limb abnormalities are a direct effect of inhibiting BMP signaling. © 2002 Elsevier Science (USA)
INTRODUCTION
Vertebrate limb buds originate from the embryonic flank with contributions from both the lateral plate and the somatic mesoderm. Bones, cartilage, and tendons in the limb are derived from the lateral plate mesoderm, while muscles, vasculature, and nerves are derivatives of the somatic mesoderm. Early limb bud development is regulated by epithelial-mesenchymal interactions between a highly specialized pseudostratified columnar epithelium at the tip of the limb bud, called the apical ectodermal ridge (AER), and mesenchymal cells underlying the AER and at the posterior margin of the limb bud, in a region called the zone of polarizing activity (ZPA) (Dudley and Tabin, 2000) . Mesenchymal cells aggregate to form prechondrogenic condensations that subsequently ossify to form the bony skeleton of the limb (Pizette and Niswander, 2001 ). The developing vertebrate limb is also sculpted by programmed cell death of mesenchymal cells at the anterior and posterior margins of the limb bud (anterior necrotic zone, ANZ; and posterior necrotic zone, PNZ) and in the interdigital necrotic zones (INZ) between the developing digits.
The BMPs are a large family of secreted ligands within the TGF␤ superfamily that play essential roles in embryonic development (Hogan, 1996) . BMP signaling is received by two types of serine threonine kinase receptors, type I (BMPRI) and type II (BMPRII). On ligand binding, the type II receptor phosphorylates a type I recptor which then triggers an intracellular signaling cascade involving proteins of the SMAD family. BMP2 and BMP4, members of the drosophila decapentaplegic (dpp) family of the BMPs, and BMP7 (also known as OP-1) are expressed in the undifferentiated mesenchyme, interdigital mesenchyme, and the AER of the developing limb (Laufer et al., 1997; Lyons et al., 1995) . BMP receptors also show specific temporal and spatial patterns of expression in developing limbs in the mouse and chick (Dewulf et al., 1995; Yi et al., 2000; Zou et al., 1997) .
BMP functions are antagonized by a large number of secreted proteins, such as Noggin, Chordin, Follistatin, and the DAN family members (Gremlin, Cerberus, DAN, and others) that bind BMPs extracellularly thereby preventing binding of the BMPs to their receptors. Noggin (Brunet et al., 1998; Capdevila and Johnson, 1998 ; Pizette and Niswan- der, 1999), Gremlin (Capdevila et al., 1999; Merino et al., 1999b) , DAN (Pearce et al., 1999) , Chordin (Francis-West et al., 1999) , Follistatin (Merino et al., 1999a) , and Drm (Pearce et al., 1999) are all expressed in the developing limb. BMP signaling is necessary for the proliferation and differentiation of precartilaginous mesenchyme of the phalangeal region in mice (Baur et al., 2000; Yi et al., 2000) and also chondrocyte differentiation in the chick (Duprez et al., 1996; Macias et al., 1997; Merino et al., 1998) . BMPs regulate the growth and regression of the AER in the chick Pizette and Niswander, 2000) and specify anteroposterior digital identity (Dahn and Fallon, 2000) . BMPs also mediate interdigital cell death in the chick (Kawakami et al., 1996; Macias et al., 1997; Yokouchi et al., 1996; Zou and Niswander, 1996) and induce cell death in murine interdigital explant cultures (Tang et al., 2000) . However, a role for the BMPs in murine interdigital apoptosis in vivo has not been established. Homozygous deletion of Bmp2 or Bmp4 causes lethality in early development, so their role in limb apoptosis has not been studied in mice (Winnier et al., 1995; Zhang and Bradley, 1996) . Bmp7 knockout mice exhibit mild patterning defects in the limb in the form of preaxial polydactyly (Luo et al., 1995) . Since BMP2, BMP4, and BMP7 are all expressed in the interdigital mesenchyme before and during the onset of interdigital apoptosis, loss of the ligand in single knockouts is also likely to be compensated by other members of the family. Similarly, Bmpr1a knockout mice die on embryonic day 9.5 (E9.5) of gestation (Mishina et al., 1995) . Recently, a conditional mutant of Bmpr1a in the limb demonstrated severe limb phenotype due to interference with the formation of the AER and dorsoventral patterning of the limb, but a role of BMP signaling in limb necrotic zone apoptosis was not apparent (Ahn et al., 2001) . Bmpr1b knockout mice show phalangeal defects, but there is no change in the apoptosis of autopodial elements (Yi et al., 2000) , raising questions about the proapoptotic role of the BMPs in mouse.
In order to study the role of BMP signaling in limb development in vivo, the keratin 14 (K14) promoter was used to drive expression of the BMP antagonist Noggin in transgenic mice. These mice were found to have extensive soft tissue syndactyly in both the forelimb and hindlimb as well as postaxial polydactyly. There was decreased apoptosis in the necrotic zones in the developing limb leading to incomplete regression of the interdigital tissue and possibly a fate change in the region of the posterior necrotic zone to an extra digit. The specific limb abnormalities generated by inhibiting BMP signaling could be rescued almost completely in the hindlimb and partially in the forelimb by creating a double transgenic misexpressing both Noggin and BMP4 under the K14 promoter, suggesting that the limb abnormalities are a direct result of inhibiting BMP signaling.
MATERIALS AND METHODS

Generation of K14-Noggin Transgenic and K14-Noggin/BMP Doubly Transgenic Mice
Murine Noggin cDNA was PCR amplified from E19 whole brain RNA, and the sequence was verified and subcloned into pBluescript (pBKS-Noggin). The noggin fragment was then subcloned into the K14-hGH poly(A) plasmid (Cheng et al., 1992) to make the K14-Noggin-hGH poly(A) plasmid, which contains the keratin-14 promoter and the human growth hormone exon/intron and poly(A) sequences. The vector was digested, and the K14-Noggin-poly(A) fragment was injected into one-cell FVB embryos at the Albert Einstein College of Medicine transgenic facility. Two transgenic founders were identified by Southern blot analysis, and further screening was performed by PCR with a transgene-specific primer pair. The BMP4 cDNA, also amplified from mouse RNA, was similarly subcloned into the K14-hGH poly(A) plasmid and injected into CB6F 1 one-cell embryos to generate the K14-BMP4 mice. To generate double transgenic mice, K14-Noggin heterozygous males were bred with K14-BMP4 heterozygous females. For experiments with timed embryos, noon of the day on which a vaginal plug was found was considered embryonic day 0.5 (E0.5). Amniotic membranes and embryonic tail were used for genotyping of E10.5-E14.5 embryos.
Western Blot Analysis
Transgene expression in the adult was determined by Western blot analysis of lysates prepared from adult back skin or embryonic limb homogenates with a rat monoclonal Noggin antibody, RP57-16, a gift from Regeneron pharmaceuticals. To verify equal loading, polyclonal anti-guanine nucleotide dissociation inhibitor (GDI) (a gift from Dr. Perry Bickel, Washington University, St. Louis, MO) was used.
Analysis of Apoptosis
Cell death was detected by vital dye staining with Nile blue sulfate (Sigma N-5632) as previously described (Tone, 1983) . Briefly, embryos were collected in cold phosphate-buffered saline (PBS), then incubated in prewarmed DMEM containing 0.001% Nile blue sulfate at 37°C for 1 h, washed in PBS for 5 h at 4°C, and photographed. Apoptotic cells were detected by TUNEL assay on 4% paraformaldehyde fixed serial cryosections of E13.5 and E14.5 limbs by using the Apoptag-Rhodamine kit (Intergen, Purchase, NY) according to the manufacturer's protocol. Activated caspase-3 was detected by Cleaved Caspase-3 (Asp175) Antibody (Cell Signaling, Beverly, MA).
X-Ray Analysis and Skeleton Preparations
Radiographs of anesthetized adult mice were obtained using a Faxitron at 35 kV for 30secs. Neonatal and adult mice were stained with Alcian Blue and Alizarin red as described (Hogan, 1994) .
Scanning EM
E14.5 embryos were fixed in 2.5% glutaraldehyde, 0.1 M sodium cacodyalate pH 7.4, dehydrated through a graded series of ethanol and critical point dried using liquid carbon dioxide in a Tousimis Samdri 790 Critical Point Drier (Rockville MD). The dried embryos were then sputter coated with gold-palladium in a Denton Vacuum Desk-1 Sputter Coater (Cherry Hill, NJ) and examined in a JEOL JSM6400 Scanning Electron Microscope (Peabody MA), using an accelerating voltage of 10kV.
In Situ Hybridization and Immunohistochemistry
In situ hybridization was performed on 4% paraformaldehyde fixed whole-mount E10.5-E12.5 embryos as described (Hogan, 1994) . A Noggin antisense probe was prepared by linearizing pBKS-Noggin plasmid and digoxigenin-labeled riboprobe transcribed with T3 polymerase. The Fgf8 and Shh probes were kind gifts from Dr. Gail. R. Martin and Dr. A. P. McMahon, respectively. The Msx1 and Msx2 probes were obtained from Dr. Cory AbateShen, HoxD10 and 12 probes from Dr. Denis Dubuole, and HoxD11 and 13 probes from Dr. Mario R. Capecchi. A monoclonal antibody, 4G1, that recognizes both Msx1 and Msx2 (Liem et al., 1995) (DSHB, Iowa City, IA), was used to detect Msx1/2 protein expression by immunohistochemistry, and a Biorad confocal microscope was used to take the images. An antibody against Cyclin D1 (Neomarkers, Fremont, CA) was used to detect CyclinD1 protein expression by immunohistochemistry. To detect phosphoSmad1/5 in tissue sections, 4% paraformaldehyde fixed and paraffin-embedded sections were processed for antigen retrieval, using an antigen unmasking solution (Vector, Burlingame, CA) and immunostained with an antibody that recognizes only phosphorylated forms of Smad1 and Smad5 (a kind gift of Dr. Peter ten Dijke).
RESULTS
Generation of Noggin Misexpressing Mice
The BMP ligands, BMP2, BMP4, and BMP7, and their receptors have overlapping expression domains in the developing limb. We inhibited BMP signaling by misexpressing the secreted BMP antagonist Noggin in the ectoderm before the onset of apoptosis in the limb. The K14 promoter, which may drive expression as early as E9.5 in the ectoderm (Byrne and Fuchs, 1993; Vassar and Fuchs, 1991) , was used to express Noggin in these transgenic mice (Fig.  1A) . Two transgenic founder lines were derived by the pronuclear injection of Fvb one-cell-stage embryos and confirmed by genomic Southern analyses (Fig. 1B) . Both lines developed limb abnormalities. The noggin transgene was overexpressed in both the forelimbs and the hindlimbs at E11.5 (data not shown), and expression increased at E12.5 and thereafter (Fig. 1D, a and b) . Noggin protein was also overexpressed in the limbs at E14.5 (data not shown) and continued to be overexpressed in the skin in the adult by Western blot analysis (Fig. 1C ). This expression pattern makes these transgenic mice particularly suitable for study of the role of BMP signaling in interdigital apoptosis and regression of the AER since the misexpression occurs before the onset of apoptosis in the limb. In addition, since the noggin is overexpressed in the skin, the vital structures of the embryo are not affected. Similarly, in the BMP4 transgenic line, the BMP4 transgene was misexpressed under the same K14 promoter at E12.5 (Fig. 1D, c and d ) and expression persisted in the adult (data not shown). In order to determine whether BMP signaling is inhibited in the limbs of the Noggin transgenic mice, we analyzed phosphorylation of the BMP responsive Smads in sections of E14.5 limbs by using an antibody that recognizes only phosphorylated forms of Smad1 and Smad5. Phospho-Smad1/5 immunoreactivity was significantly reduced in the K14-Noggin interdigital spaces (Fig. 2B ) compared with the wild type ( Fig. 2A) , indicating that BMP signaling is indeed reduced by misexpression of Noggin in the transgenic mice.
Limb Abnormalities and General Phenotype of K14-Noggin Mice
Scanning electron micrographs of E14.5 limb buds demarcated a decreased regression of the interdigital tissue in all four limbs of Noggin transgenic mice (Fig. 3A) . In the newborn forelimbs and the hindlimbs, the digits were incompletely separated compared with the wild type (Fig.  3B) . A postaxial extradigit (labeled VЈ) was seen in both the forelimb and the hindlimb in the transgenic (Fig. 3B ). An extra preaxial digit rudiment (labeled IЈ) was sometimes seen in the transgenic hindlimb. The interdigital webbing and the postaxial sixth digit were better seen in the adult hindlimb. In the adult forelimb, the syndactyly was so pronounced that the digits could not be separated (Fig. 3C) . The limb abnormalities were similar in both the Fvb inbred and Fvb ϫ CB6F 1 outbred background (compare b, e and c, f in Fig. 3C ). The gross morphology as well as radiographic analysis (see Fig. 8B ) of the limbs showed that soft tissue syndactyly also resulted in increased flexion of the digits of both the forelimb and the hindlimb. Cleared skeletal preparations of postnatal day 2 mice showed the proportionally shortened digits and the postaxial extra digit (Fig. 3D) . The K14-Noggin transgenic mice were similar to wild type in weight at birth, but gained less weight thereafter. Various abnormalities in whisker and hair follicles were observed in the noggin transgenic mice. These will be described elsewhere.
Prevention of Apoptosis in the Limb Necrotic Zones of Noggin Transgenic Mice
In order to understand the mechanism of soft tissue syndactyly and postaxial polydactyly in these mice, we first investigated cell death in the developing limb bud at E13.5 and E14.5. Vital dye staining with Nile blue sulfate showed that cell death in the necrotic zones was suppressed in forelimbs and hindlimbs in the transgenic at E13.5 (Fig. 4A ) and E14.5 (data not shown). Accordingly, the TUNELlabeled apoptotic cells were markedly reduced in the interdigital spaces (Fig. 4B ). There was also decreased activated caspase 3 staining in the transgenic interdigital spaces (Fig.  4C) . Hence, these transgenic mice provide a mouse model where the role of BMP signaling in promoting apoptosis in the various necrotic zones of developing mouse limb can be studied in vivo.
Msx Expression Is Unaltered in Noggin Transgenic Mice
Msx2 has been shown to be concomitantly expressed in BMP4-mediated apoptotic cell death of neural crest cells in odd numbered rhombomeres (Graham et al., 1994) , in the enamel knot of the tooth (Jernvall et al., 1998) , and in other systems like cultured P19 cells (Marazzi et al., 1997) . Msx1 and Msx2 are also expressed in the necrotic zones of the developing limbs. Hence, we studied the expression patterns of Msx1 and Msx2 in whole-mount and section in situ hybridization in the Noggin transgenic limbs. Interestingly, there was no significant change in expression patterns of Msx1 and Msx2 transcripts in E12.5 limbs by whole-mount in situ hybridization (Fig. 5A ). There was also no significant change in Msx1 and Msx2 transcripts in sections of E14.5 transgenic limbs (Fig. 5B, b and d ) compared with the wild type (Fig. 5B, a and c) . Msx1/2 protein expression was also similar as revealed by immunohistochemistry with an antibody that recognizes both Msx1 and Msx2 in E13 transgenic limb sections compared with the wild type (Fig.  5C ).
Altered Expression of Fgf8 and Cyclin D1, but Not Shh in Noggin Transgenic Mice
We investigated the expression pattern of genes involved in anterior-posterior patterning of the limb and the main-tenance of the AER. Sonic hedgehog (Shh) is the principal molecule maintaining the activity of the polarizing region that determines the anteroposterior pattering of the limb and the maintenance of the AER (Laufer et al., 1994; Niswander, 1994) . The BMP antagonist Gremlin has been shown to relay the Shh signal from the ZPA to the AER (Zuniga et al., 1999) . It has also been shown that constitutive expression of Gremlin in the chick limb causes downregulation of Shh expression followed by truncations in distal skeletal elements (Capdevila et al., 1999) , suggesting that BMP signaling is important for maintenance of Shh expression. FGF8 is the most important fibroblast growth factor in the AER required for the initial specification and outgrowth of the limb bud (Moon and Capecchi, 2000) . When the limb bud is formed, Fgf8 is expressed along with other Fgfs in the AER, and these are responsible for the proximodistal growth of the limb (Martin, 1998) . We examined whether overexpression of noggin in the ectoderm altered expression of Shh in the ZPA and Fgf8 in the AER. There was no significant change in Shh expression in the developing limbs, considering the variation of the size of individual limbs at E11.5 (Fig. 6A) . There was no difference in the expression of Fgf8 at E10.5 (data not shown) and E11.5 (Fig. 6B) in the Noggin transgenic compared with the wild type. However, at E12.5, expression of Fgf8 decreased in the wild type forelimb as the AER regressed, whereas it persisted in the transgenic, suggesting that regression of the AER was delayed in the transgenic (Fig. 6B) .
The BMPs serve the dual roles of inducing apoptosis of undifferentiated mesoderm as well as promoting growth and differentiation of prechondrogenic blastemas . Proliferation and differentiation of uncommitted mesoderm are likely to be controlled by cell cycle regulation. Therefore, we examined the expression pattern of cyclin D1 as a marker of proliferating mesoderm. Interestingly, in E14.5 wild type limbs, cyclin D1 was primarily expressed in the precartilagenous mesenchymal condensations. The pattern of cyclin D1 staining in the Noggin transgenic differed from the wild type pattern (Fig. 6C) . Cyclin D1-expressing mesenchymal cells in the wild type were predominantly found in the periphery of the condensation and were tightly packed. In the Noggin transgenics, cyclin D1-expressing cells were loosely packed and spread diffusely throughout the mesenchymal condensation. The condensations also appeared smaller in the transgenic at this stage.
Similar Expression Pattern of Hoxd10 -13 in the Noggin Transgenic Limb
The nested expression pattern of the Hox genes, which encode homeodomain transcription factors, in the developing limb, along with targeted mutagenesis studies of the members of the HoxD complex (from Hoxd9 to Hoxd13) reveal their essential roles in patterning of the limb. Homozygous null mutants of Hoxd11 (Davis and Capecchi, 1996) , Hoxd12 (Davis and Capecchi, 1996; Kondo et al., 1996 Kondo et al., , 1997 , and Hoxd13 (Dolle et al., 1993) as well as transheterozygotes of various combinations of these genes (Davis and Capecchi, 1996) result in various abnormalities in the autopodial elements including the carpal, metacarpal and phalangeal bones. In a number of these mutants, a significant abnormality is the presence of a postaxial extra digit found with variable penetrance. Furthermore, HOXD13 mutation in humans causes type II synpolydactyly (SPD), a syndrome that includes postaxial polydactyly among other abnormalities (Muragaki et al., 1996; Akarsu et al., 1996) . We examined whether the postaxial extra digit is a result of a patterning defect caused by altered expression pattern of the HoxD genes. Hoxd10, Hoxd11, Hoxd12, and Hoxd13 expression was not altered in E12 Noggin transgenic (Figs. 7B, 7D , 7F, and 7H) compared with wild type (Figs. 7A, 7C , 7E, and 7G, respectively) limbs by whole-mount in situ hybridization, suggesting that BMP signaling does not directly regulate expression of these Hox genes.
Rescue of Limb Abnormalities of Noggin Transgenic Mice by BMP4 Misexpression
We further wanted to determine whether the limb abnormalities in K14-Noggin mice were the consequence of inhibition of BMP signaling. For this purpose, we misexpressed BMP4 using the same K14 promoter. The K14-BMP4 heterozygous mice do not exhibit overt limb abnormalities. Heterozygous K14-Noggin and K14-BMP4 transgenic mice were mated and double transgenics were obtained that had nearly complete rescue of the hindlimb abnormalities and partial rescue of forelimb abnormalities (Figs. 8A and 8B ). In the hindlimb, only a small web between digits II and III remained (arrowhead in Fig. 8A, f) . The soft tissue syndactyly and the postaxial extra digit were abrogated. In the forelimb, the digits were clearly separated (compare c and e in Fig. 8A ). The digital flexion of the K14-Noggin transgenic was also reversed in the double transgenic (compare c, e and d, f in Fig. 8B ).
DISCUSSION
The characterization of limb abnormalities in K14-Noggin transgenic mice coupled with the rescue in the K14-Noggin-BMP4 double transgenic directly demonstrates that BMP signaling is required for regression of interdigital tissue and determination of the fate of necrotic tissues in mammals in vivo. The various targeted mutations of BMP ligands and receptors do not demonstrate the role of BMPs in interdigital mesenchymal apoptosis in the mouse in vivo either due to lethality of the mutations (Bmp2, Bmp4, and Bmpr1a) or due to the absence of any change in the interdigital apoptosis (Bmpr1b and Bmp7). Furthermore, despite many similarities in the mechanisms regulating tetrapod limb development and digit specification in mammals and avians, there are significant differences in the fate of interdigital tissues. For example, FGF4, which inhibits the formation of ectopic digits in the chick, induces digit bifurcation in the mouse, and TGF␤ similarly has divergent actions on digit formation (Ngo-Muller and Muneoka, 2000) . Clarification of the role of BMPs in mammalian limb development therefore requires examination of their function in the mouse in vivo. We used the strategy of misexpression of the BMP inhibitor Noggin in the developing limb before the onset of necrotic zone apoptosis to inhibit BMP2, BMP4, and BMP7, which are coexpressed in the necrotic zones.
Apoptosis in the developing limb necrotic zones was decreased in the noggin transgenic animals with incomplete regression of interdigital tissue. Further, coexpression of BMP4 in double transgenic animals restored the interdigital apoptosis. Thus, BMP signaling is causally implicated in the apoptotic process in mammals, consistent with prior findings in avians (Yokouchi et al., 1996; Zou and Niswander, 1996) . However, there was no significant change in expression pattern of Msx1 and Msx2 in the Noggin transgenic limbs, although Msx2 has been implicated in BMP mediated interdigital apoptosis in the chick. BMPs have been implicated to regulate Msx2 expression since misexpression of dominant negative BMP receptor can reduce Msx2 expression (Zou and Niswander, 1996) , and treatment of cultured sympathetic neuroblasts with BMP4 increases Msx2 expression (Gomes and Kessler, 2001) . The fact that Msx1 and 2 expression is unaltered in the Noggin transgenic mice may indicate that Msx1/2 are not downstream of the BMPs in directly mediating apoptosis but rather may simply be required as a cofactor for BMP-mediated apoptosis to occur. Alternatively, Msx2 may mediate apoptosis by maintaining the expression of some of the BMPs. Ectopic expression of Msx2 in the chick can induce Bmp4 (Ferrari et al., 1998) . In Msx1 and Msx2 double mutant mice, where there is inhibition of interdigital apoptosis, there is also downregulation of Bmp4, but not Bmp2 and Bmp7 (Chen and Zhao, 1998; and unpublished observations) . This may indicate some inherent differences in the role of Msx1/2 in BMP-mediated apoptosis in the mouse as opposed to the chick. Another explanation of unaltered Msx1/2 expression in the Noggin transgenic is that there is partial inhibition of BMP signaling by Noggin, and the residual signaling is sufficient to mediate Msx gene expression, although insufficient to mediate complete interdigital apoptosis. In this regard, it is noteworthy that there is some phospho-Smad1/5 labeling in the interdigital mesenchyme in the Noggin transgenic, although significantly lower than that in the wild type (Fig. 2) . Alternatively, Msx gene expression could be induced in the Noggin transgenic mice by a ligand other than Noggin-inhibited BMPs (BMP2, 4, and 7).
There were additional abnormalities in the noggin transgenic animals, including formation of an extra postaxial digit, rudiments of an extra preaxial digit, and a delay in the regression of the AER. These abnormalities do not always accompany a reduction in interdigital apoptosis and syndactyly in mice. For example, there is decreased interdigital apoptosis between digits 2 and 5 of the mouse Hammertoe mutant that resulted in soft tissue syndactyly of all four limbs, but polydactyly is not reported (Zakeri et al., 1994) . Similarly homozygous deletion of Apaf1 (Cecconi et al., 1998) leads to interdigital webbing without polydactyly, as does double deletion of both Bax and Bak (Lindsten et al., 2000) . These observations, along with reduced activated caspase-3 staining in the noggin transgenic limbs, suggest that BMP signaling directly or indirectly regulates the expression of these proapoptotic genes. Contrary to this, in Bmp7 homozygous and Bmp4 heterozygous mutants, interdigital regression is not affected, but there is preaxial polydactyly with incomplete penetrance analogous to the rudimentary extra preaxial digit observed in Noggin transgenic mice. Hence, it is unclear whether the axial polydactyly in the various Bmp mutants along with the predominant postaxial polydactyly in the Noggin transgenic mice are due only to inhibition of programmed cell death; in the Bmp7 knockout, for example, there is altered pattern of Hoxd13 expression (Luo et al., 1995) . Moreover, postaxial polydactyly is a feature of various mutants of Hoxd11-13 in the mouse and HOXD13 in humans. But Hoxd10 -13 expression is not significantly altered in the Noggin transgenic, suggesting that postaxial polydactyly and preaxial digit rudiment in the Noggin transgenic may be a direct result of apoptosis inhibition by Noggin misexpression. These data also indicate that Noggin-mediated inhibition of BMP signaling may be involved in a fate change in the posterior and anterior necrotic zones which respond to some additional cues to form bony elements.
By contrast, interdigital webbing induced by inhibition of genes that may act upstream of the BMPs is accompanied by polydactyly. For example, single and double mutants of retinoic acid receptor genes have various degrees of interdigital webbing due to decreased apoptosis in the INZ (Dupe et al., 1999) as well as preaxial polydactyly. Retinoic acid can stimulate apoptosis in interdigital regions of cultured limbs (Lussier, 1993) and appears to promote apoptosis by inducing BMPs like BMP7 and BMP4 in the interdigital mesenchyme (Rodriguez-Leon et al., 1999) , thereby acting upstream of BMP signaling. Extra digit formation following retinoic acid antagonist-mediated repression of interdigital apoptosis suggests that retinoic acid is necessary for repressing BMP mediated chondrogenesis in the interdigital tissue.
There is also persistent expression of Fgf8 in the AER of transgenic animals, suggesting that there is a delay in regression of the AER, thus providing an opportunity for continued proliferation of distal mesenchyme and perhaps prolonged cartilage formation. However, it is interesting to note that this did not lead to an increase in length or number of the phalangeal elements, instead the digits were proportionally shortened. Nuclear cyclin D1 is a marker of condensing mesenchyme and cyclin D1 immunoreactive mesenchyme was less condensed in Noggin transgenic mice than in wild type mice. BMP signaling is necessary for the proliferation of chondrocytes that have differentiated from precartilaginous mesenchyme of the phalangeal region in mice (Baur et al., 2000; Yi et al., 2000) and for their further differentiation (Pizette and Niswander, 2000) . Hence, the less condensed cyclin D1 immunoreactive mesenchyme in the transgenic animals suggests either a delay in chondrocyte differentiation or reduced proliferation of the condensed mesenchyme. Thus, the requirement for BMP signaling in chondrogenesis may mask the potential of persistent FGF signaling from the AER to affect phalangeal growth or pattern.
In summary, this study has used a strategy of misexpression of the BMP antagonist Noggin to directly demonstrate the role of BMP signaling in murine limb development in vivo. It further demonstrates the utility of the double transgenic misexpressors to dissect the biologic role of these growth factors. These animals will also be helpful for defining other effects of the BMPs, such as their roles in the development of hair follicles and of the peripheral nerve innervation of developing skin.
